It is widely held that increased blood viscosity due to polycythemia is an important factor contributing to pulmonary hypertension in patients with chronic bronchitis (1) (2) (3) (4) (5) . An increase in the viscosity factor in -Poiseuille's equation will increase the pressure drop across a vascular bed proportionately, provided volume flow and the dimensions of the vessels remain constant. Roos (6) showed, in the isolated lung of a dog, that increasing packed cell volume is associated with an increase in the pressure drop across the pulmonary vascular bed, blood flow being maintained constant. However, the effects of alterations in blood viscosity upon pulmonary intravascular pressures in man have not been established.
Baldwin, Cournand, and Richards (7) noted that the association of polycythemia with chronic bronchitis is rare. It has been shown that red cell volume is often slightly increased in patients with chronic bronchitis who have arterial desaturation (8, 9) , but judging by the hematocrit or hemoglobin values in other reports of large numbers of patients (10) (11) (12) , substantial polycythemia is an uncommon complication. The present investigation is concerned with a highly selected group of patients with chronic bronchitis complicated by marked secondary polycythemia. They were drawn from a large population of patients with chronic bronchitis who were seen in an area where the disease is especially common.
First we have assessed the severity of the changes in the pulmonary circulation and in the arterial blood gas tensions at rest and during exercise in such patients.
Secondly, we have examined the influence of increased blood viscosity and increased blood volume, and the interrelationship of these two factors, on the pulmonary and systemic circulations in patients with chronic bronchitis at rest and during exercise. To this end, we compared measurements made before and after repeated venesections in the patients with marked polycythemia.
Thirdly, when it became evident that chronic hypervolemia plays a part in the observed circulatory changes, we decided to investigate the effects of acute expansion and reduction of the blood volume in another group of patients with chronic bronchitis whose blood volume and hematocrit were initially normal.
Methods
Patients. A total of 21 patients with chronic bronchitis were studied, this diagnosis being based upon a history of long standing productive cough and moderate or severe dyspnea. Fifteen of the patients had marked polycythemia and pulmonary hypertension; their physical characteristics are given in Table I . Each of these patients was in congestive failure when first seen, but was studied only after an initial period of bed rest, when signs of edema and congestive failure had disappeared and when, despite being ambulant again, weight had remained constant for at least 1 week. All the patients were receiving digoxin and chlorothiazide at the time of the study. In 13 patients (excluding B9 and B10) the electrocardiogram showed changes typical of right ventricular hypertrophy (13) . During the 5 years of study, 11 of these patients are known to have died.
Five patients did not have polycythemia and had never been in congestive failure. These patients were studied after recovery from exacerbations of respiratory infections. One patient was studied during congestive failure and again after recovery.
Technical methods. Red cell volume was measured with 51Cr-labeled erythrocytes, by the technique of Sterling and Gray (14) as modified by Mollison and Veall (15) , and was calculated from the mean radioactivity of blood samples taken at 10, 15, and 20 minutes. Blood viscosity was estimated by Pirofsky's method (16) , which entails measuring the pressure and flow across a calibrated needle inserted into an antecubital vein with the arm dependent. Hematocrit was measured on arterial blood and corrected for trapped plasma. An indwelling needle was placed in the brachial artery, and a double lumen catheter was advanced to the lung so that its tip was wedged into a peripheral pulmonary artery while the proximal orifice lay in the pulmonary arterial trunk. In all but 3 patients, a catheter was also placed in the right atrium. The intravascular pressures were measured by capacitance manometers and recorded by a multichannel direct writing instrument. The zero reference level for pressure was 10 cm above the plane of the table on which the patient was lying. Mean pressures were determined by planimetry, and all pressures Were averaged over at least three respiratory cycles.
Cardiac output was measured by the direct Fick method. Expired gas was collected in a Tissot spirometer over a period of 3 minutes and analyzed by the Scholander method. During this time, two samples each of arterial and mixed venous blood were taken for the spectrophotometric determination of percentage -oxygen saturation (17) . Blood (20) and the carbon dioxide tension (Paco2) by the interpolation method of Astrup (21) .
Pulmonary vascular resistance was calculated in the usual way (22) . Pulmonary vascular hindrance, which characterizes the opposition to flow by the vascular system due to its dimensions as distinct from the opposition to flow derived from the fluid itself, was calculated as the pulmonary vascular resistance divided by the viscosity and expressed in arbitrary units (23) .
Procedure. All measurements were made with the patient in the supine position, without sedation, and 6 hours after he had eaten a light meal. In the studies of the patients with polycythemia, the measurements were repeated 7 to 10 days later, during which time 500 ml of blood was removed on alternate days until the hematocrit was reduced to the normal range. The final venesection was done not later than 36 hours before the second study.
On each occasion, the blood viscosity and hematocrit were first measured in duplicate. Central blood volume and plasma volume were then measured, and this was followed by estimation of red cell volume. These procedures occupied about 60 minutes, and then the cardiac output was measured at rest and again during the fourth minute of exercise on a bicycle ergometer. Intravascular pressures were recorded immediately before and after each estimate of cardiac output. The exercise performed during the second study was adjusted to be equal in severity to the first, and as judged by the oxygen uptake, this was usually achieved.
The procedure in the second series of patients without polycythemia will be apparent from Figure 5 . After measurements of blood viscosity, packed cell volume, cardiac output, and intravascular pressures had been made, a rapid infusion of 25 g HSA, dissolved in 500 ml 5% dextrose and warmed to body temperature, was given into the right atrium over 10 minutes. The same cycle of measurements was repeated immediately after the infusion had been completed, again after a rapid venesection (500 ml) over 15 minutes, and finally after a second infusion, similar to the first. Observations in our laboratory have shown that the expansion of blood volume after an infusion of HSA remains fairly constant for at least 50 minutes.
Normal values. In selecting normal values with which to compare the results we have obtained, we have had to take note of the advanced age of some of our patients and to choose comparable normal data wherever possible.
For blood volume we have used the results from older male subjects of Yiengst and Shock (24) (29) have shown that advancing age has no effect upon the pulmonary intravascular pressures, we have used our own results for these parameters (30) . The estimates of central blood volume were compared with those of Doyle, Wilson, Lepine, and Warren (31) and Lilienfield and associates (32) .
Normal values for cardiac output, intravascular pressures, and pulmonary ventilation during exercise were taken from the results of Donald, Bishop, Cumming, and Wade (33) and Granath and associates (28) , the latter in older subjects.
Normal values for the partial pressure of oxygen and carbon dioxide in arterial blood have been predicted from the results of Raine and Bishop (34) .
Results
At rest before venesection. The results are given in Table I . The hematocrit fell within the normal range in 1 patient only, but the red cell volume was greater than normal in all patients. Plasma volume was within the normal range in all patients, but total blood volume was normal in only 6 and abnormally high in the remaining 8 patients. The ratio of body to venous hematocrit was normal, ranging from 0.875 to 1.00 (mean 0.926). Blood viscosity was greater than normal in all patients.
Arterial oxygen tension was less than predicted in all but 1 of the patients, and the percentage oxygen saturation was similarly reduced. Arterial carbon dioxide tension was greater than normal in all but 1 patient (B9) in whom the oxygen tension was also normal.
The cardiac output fell within the normal range, but the mean heart rate was increased and the stroke volume reduced. There was no significant difference between cardiac output measured simultaneously in 11 of the patients by the Fick and HSA-131I methods. Central blood volume was on the average greater than normal, but represented a normal proportion of total blood volume (21.3%o). There was a significant positive correlation between central blood volume and total blood volume (r = 0.681, p < 0.05). The mean transit time was greater than normal (mean 13.9 seconds, SD 4.0). The mean oxygen uptake, pulmonary ventilation, and arteriovenous oxygen difference were all slightly greater than normal.
Pulmonary wedge pressure exceeded the upper limit of the normal range in 3 patients, and right atrial pressure was abnormally high in most of those in whom it was measured. Pulmonary arterial pressure was greater than normal in all patients, and most had severe pulmonary hypertension. Pulmonary vascular resistance and pulmonary vascular hindrance were greatly increased, but systemic vascular resistance was normal.
The relationships of pulmonary arterial mean pressure to certain other measurements have been examined, and the correlation coefficients are shown in Table II Table I , show a significant reduction in hematocrit, red cell volume, and blood viscosity, and these values now fell within the normal range in all but 1 patient (B6). The plasma volume expanded by varying degrees, and the average value after venesection was significantly greater than before. In 6 patients (B1 to B6), the total blood volume decreased by more than 6.0 ml per kg, whereas in the others, the compensatory increase in plasma volume was sufficient to maintain an essentially unchanged total blood volume. Pao2 and Paco2 showed no consistent changes after venesection.
There was no significant change in cardiac output, heart rate, or stroke volume after venesection. There was a small but significant fall in central blood volume, the reduction being greatest in those patients in whom total blood volume also decreased. There was a positive correlation between the change in central and total blood volumes (r = 0.883, p < 0.001), and central blood volume as a proportion of total blood volume (21.8%) remained unchanged. Mean transit time decreased significantly (mean 11.3 seconds, SD 2.5). The average oxygen uptake, pulmonary ventilation, and arteriovenous oxygen difference were unaffected by venesection. The average pulmonary wedge pressure showed no change, but in 4 of 6 patients in whom total blood volume fell, there was a decrease in wedge pressure. Right atrial pressure fell in all but one of the 11 patients in whom it was measured. There was a small but significant reduction in pulmonary arterial mean pressure in the group of patients. There was a positive correlation between the fall in pulmonary arterial pressure and the fall in blood volume (r = 0.804, p < 0.001) ( Figure  1) , and in the patients in whom the latter did not fall, the pulmonary arterial pressure remained unaltered. A similar correlation was found with changes in central blood volume (r = 0.758, p < 0.01). Average pulmonary vascular resistance decreased, but pulmonary vascular hindrance increased to a value that was even more abnormal. The individual changes were greatest in patients ship between cardiac output and oxygen uptake The correlation coefficients between pulmonary during exercise is illustrated in Figure 2 . The arterial pressure and other parameters as deter-cardiac output achieved during exercise was normined after venesection are given in Table II . mal in 7 patients, but was less than normal in 8, Multiple regression analysis gave the following being grossly impaired in 3 of these. As with normal subjects exercising in the supine posture, the increase in cardiac output was the result of an increased heart rate, stroke volume remaining unchanged.
Arterial oxygen saturation decreased in all patients, usually to a marked degree, whereas carbon dioxide tension usually increased. Pulmonary ventilation increased to a normal extent in most patients, but was slightly greater than normal in 2.
There was a large increase in pulmonary arterial mean pressure, and the average during exercise was 77 mm Hg (range 66 to 86). Pulmonary wedge pressure also increased in most patients, the rise being greater than normal in several. Relationships between pulmonary arterial pres- sure and arterial blood gas tensions during exercise were similar to those found at rest (Table II) .
During exercise after venesection. The results are given in Table III . Cardiac output and its relationship to oxygen uptake are illustrated in Figure 2 . The work done as judged by the oxygen uptake was on the average the same as before. The level of cardiac output achieved during exercise was more nearly normal in several patients than before venesection. Cardiac output during exercise was greater than before in 10 patients and less than before in only 2. The heart rate increased to a similar extent with exercise, but the increase in stroke volume was a little greater, the change from a mean of 36 ml per m2 at rest to 41 ml per m2 during exercise being significant (p < 0.05).
The fall in arterial oxygen saturation and the rise in carbon dioxide tension were similar to those before venesection, and pulmonary ventilation was not changed.
The average level of pulmonary arterial mean pressure during exercise was significantly less than before venesection although the increase with exercise was similar. The response of pulmonary wedge pressure was unaltered. The relationships between pulmonary arterial pressure and arterial blood gas tensions were similar to those before venesection (Table II) Serial observations in patients Bi and B12. Patient B1, the only female in the group with polycythemia, was studied on several occasions over a period of 5 years; the results at rest are shown in Figure 3 . On each occasion the study was performed when the patient had fully recovered from an acute respiratory infection that was often associated with signs of congestive failure. She received digoxin and diuretics throughout the period of observation.
During the first 2 years, she had more than 40 venesections and experienced considerable relief from headache, tinnitus, and fatigue. The effect of venesection was short lived, and blood volume was always increased. The progressive rise in pulmonary arterial pressure and in pulmonary vascular resistance was associated with a progressive fall in cardiac output. Arterial oxygen saturation decreased progressively during the years of study, but gross hypercapnia was not present. There was a significant inverse correlation between pulmonary arterial pressure and arterial oxygen saturation when the results of all studies were pooled. Autopsy showed diffuse panacinar emphysema with narrowing of pulmonary arterioles less than 100 /' in diameter. These arterioles had prominent circular muscle fibers, but the larger muscular pulmonary arteries were normal. The right ventricle was grossly hypertrophied and weighed 210 g (normal not more than 65 g). Similar observations were made in Patient B12, and the results are shown in Figure 4 .
Effects of acutely induced changes in blood volume. In 5 patients, blood volume was rapidly expanded by the infusion of 500 ml of a solution of HSA, and this was followed by a venesection of 500 ml and a further infusion. The mean results are shown in Figure 5 . Before the infusion, 3 of the patients had pulmonary hypertension, and 2 showed mild arterial unsaturation. After the first infusion these was an increase in cardiac output and pulmonary arterial, pulmonary wedge, and right atrial pressures, whereas pulmonary vascular resistance remained unaltered. These changes were all reversed after venesection, when the values observed did not differ from the control values, the net gain in total blood volume having been corrected. The changes after the second infusion were similar to those after the first. Blood viscosity decreased progressively throughout the study, and the final values were significantly less than the initial one. Arterial oxygen saturation was unchanged throughout.
Effects of spontaneous reduction of blood volume. The findings are presented in Figure 6 of measurements made in 1 patient when congestive failure was present; these measurements were repeated 12 days later, when signs of congestive failure had disappeared and the weight had remained constant for 4 days.
Recovery was associated with a reduction in plasma volume and a fall in pulmonary arterial pressure and in pulmonary vascular resistance, but not to normal levels. On the occasion of the second study, an infusion of 1,000 ml of a solution of HSA was given, this being approximately equal to the amount by which the plasma volume had diminished between the first and second study. This infusion led to a rise in pulmonary arterial, pulmonary wedge, and right atrial pressures and an increase in cardiac output, but pulmonary vascular resistance did not change significantly.
Discussion
It must be emphasized in considering these results that the patients in the principal study were highly selected and severely disabled. In our experience of large numbers of patients with chronic bronchitis and emphysema, those with such severe polycythemia are quite uncommon, so that the findings cannot be regarded as typical for the general population of patients with this disease. On the other hand, the group studied was homogeneous in most respects, and the data are therefore of value when considering the effects of disturbances of specific physiological parameters and of the interactions between them in such patients.
It is normally assumed that polycythemia in patients with chronic bronchitis is due to hypoxemia (1, 8) , and a significant correlation has been shown between red cell volume and arterial oxygen saturation, both previously (8, 9) and in the present study. Administration of oxygen for 6 weeks has been shown capable of restoring hematocrit and red cell volume to normal levels in initially polycythemic patients (35) . The presence of a plasma erythropoietic factor has been demonstrated in patients with chronic bronchitis with persistent hypoxemia (36, 37) and also in dwellers at high altitude (38) . Although a correlation between arterial carbon dioxide tension and red cell volume has been demonstrated by Blumenthal and Cander (11) and in the present study, it appears unlikely that hypercapnia stimulates erythropoiesis, since the level of Paco2 is low in high altitude dwellers (39) and in patients with cyanotic heart disease (40) . High levels of carbon dioxide may even inhibit bone marrow activity (41) .
The blood viscosity in the main group of patients studied was greatly increased, but fell to normal levels after venesection. We recognize that there are limitations to in vitro methods of measuring the viscosity of blood and that values so determined may not be applicable to the situation where blood is flowing rapidly through small vessels. We believe that the results do, nevertheless, provide an index of the change in viscosity of blood that helps in the understanding of pressure-flow relationships in the pulmonary circulation.
In resting patients after venesection there was a significant fall in pulmonary arterial mean pressure and in pulmonary vascular resistance, but no significant fall in cardiac output. When the factor of blood viscosity was removed from the calculated pulmonary vascular resistance, the quantity termed "pulmonary vascular hindrance" was obtained, which describes the resistance to blood flow due to the dimensions of the pulmonary vascular bed (23) . This quantity was significantly larger after venesection than before, suggesting that in the polycythemic state, the pulmonary vascular bed may have been distended, so lowering the resistance to blood flow. We have no experimental evidence to explain this increase in hindrance after venesection. It is possible that nervous reflex mechanisms led to vasodilatation when raised blood volume activated stretch receptors. Alternatively, the effect of the expanded blood volume may have been to dilate, passively, the pulmonary blood vessels. It should be noted that similar changes in hindrance also occurred in the systemic circulation.
It is clear that pulmonary arterial pressure fell more in some patients than in others after venesection. The extent of the fall was related to the size of the reduction in total blood volume, and in those patients in whom it was measured, to the extent of the reduction in central blood volume as well. Substantial falls in pulmonary arterial pressure occurred in those patients with large reductions in total blood volume, but in the patients with little or no change in blood volume, the pressure remained unaltered. Since blood viscosity was approximately halved in all of these patients, it appears that this factor played an unimportant part in determining the level of pulmonary arterial pressure.
We concluded that the resistance to blood flow in the pulmonary vascular bed was increased in these patients, as indicated by the increased pulmonary vascular hindrance. When polycythemia developed, the pulmonary arterial pressure, already raised, increased further due to the increased total blood volume and the increased central blood volume. Any trivial effect that the increased blood viscosity may have had in raising the pressure still further was mitigated by the greater influence of the reduced resistance to blood flow due to the dimensions of the vascular bed. For these reasons, venesection did not have a large effect upon pulmonary arterial pressure, and then only where it led to a fall in blood volume.
The increased blood volume was presumably associated with a rise in central blood volume, and this led to an elevation of the static pressure in the pulmonary circulation. This is supported by the observation that although pulmonary wedge pressure did not change significantly in the group as a whole, there were appreciable falls in the patients whose blood volume fell after venesection. Right atrial pressure decreased more consistently irrespective of the extent of change in blood volume.
In an attempt to study further the influence of variations in blood volume, we observed the effects of rapid expansion and reduction produced by infusion and rapid venesection, respectively. Although these procedures had the predicted effects upon pulmonary arterial pressure, there were also changes in cardiac output and large changes in pulmonary wedge pressure that were not seen when blood volume was altered more slowly by repeated venesections. In 1 patient, it was possible to compare the effects of a spontaneous reduction in blood volume over several days with a subsequent acute alteration in blood volume of a similar size. Comparable changes in pulmonary arterial and pulmonary venous pressures after infusions have been observed in normal subjects and in patients with heart disease, and they have been attributed to an increased volume of blood between the pulmonary artery and left atrium (42, 43) . De Freitas and his colleagues (44) were unable to show such an increase in pulmonary blood volume and postulated that the acute expansion of blood volume causes pulmonary vasoconstriction. In the present experiments we did not measure pulmonary blood volume. Furthermore, there was an increase in cardiac output after rapid infusion, which makes it even more difficult to state with certainty the mechanism of the rise in pulmonary arterial pressure.
The different behavior of pulmonary wedge pressure, when the blood volume changed gradually instead of rapidly, is not fully explained but may reflect the distribution of pulmonary blood volume, as between the pulmonary arterial and pulmonary venous segments, in the two different circumstances. The different effects of acute and chronic changes in blood volume upon the cardiac output might be similarly explained, a preferential increase in pulmonary venous volume raising the ventricular filling pressure and hence the cardiac output.
The cardiac output at rest in these patients fell within the normal range and was not altered after repeated venesection. This is consistent with the findings of Wade and Bishop (45) , who reviewed published data for a large group of patients with chronic bronchitis and emphysema. There is no evidence of a high output state in these patients even though most had recently recovered from an episode of congestive failure, and in some the right atrial pressure was still raised.
The main group of patients in the present study had unusually severe pulmonary hypertension when compared to values found in a large group of patients with chronic bronchitis and emphysema (10, 12, 45, 46) . The cause of the pulmonary hypertension in this disease remains uncertain, but the present observations suggest that expansion of the total blood volume is one important factor, whereas increased viscosity is relatively unimportant. Structural changes in pulmonary arterioles, with increase in circular smooth muscle fibers and narrowing of the lumen, have been demonstrated in some patients, and these changes have been correlated with the presence of right ventricular hypertrophy (47) . In a small proportion of patients, the pulmonary wedge pressure is raised (48) , and this may make a small contribution to the pulmonary hypertension.
Several workers have demonstrated a negative correlation between the percentage oxyhemoglobin saturation of arterial blood and the pulmonary arterial pressure and have speculated as to whether the two are causally related (1, 45, 46, 49) . The relatively small effect of oxygen breathing on pulmonary arterial pressure argues against vasoconstriction due to low oxygen tension being a major factor in the pulmonary hypertension of patients studied when free of congestive failure. Similar considerations apply to the positive correlations between arterial carbon dioxide tension and pulmonary arterial pressure. Although it is known that alterations in the blood gases do influence pulmonary arterial pressure in acute experiments, it seems most likely that the observed correlations signify that in certain forms of emphysema, there is severe interference with gas exchange and damage to the pulmonary vascular bed. Both effects are manifestations of one particular form of the disease, and both may be exaggerated during episodes of congestive failure.
The response of cardiac output to exercise was normal in several of these patients, but it was im-paired in a larger proportion than in other reported groups of patients with chronic bronchitis and emphysema (10, 12, 45) . Large All of the patients showed a fall in arterial oxygen tension and a rise in carbon dioxide tension with exercise. Total pulmonary ventilation increased to an approximately normal extent, with an increase in respiratory rate. Since the distribution of both ventilation and perfusion must have been grossly disturbed in these patients, it is evident that total alveolar ventilation cannot have increased to a normal extent during exercise and that the average alveolar oxygen tension fell and carbon dioxide tension rose. This may well account for most of the blood gas changes during exercise, although it is possible that an increased abnormality of distribution or a decreased transit time of blood through a reduced capillary bed (51, 52) may have played a part.
The serial observations in 2 of the patients are of interest in demonstrating the persistence of the polycythemia, the progressive rise in pulmonary arterial pressure and pulmonary vascular resistance, and the associated fall in cardiac output. Arterial oxygen saturation also fell and, for these individual patients, showed the same negative correlation with pulmonary arterial pressure that was observed in the group as a whole.
The severity of the disease process in these patients is further indicated by the fact that 11 of the 14 patients died during the subsequent 5 years. Repeated venesection did not lead to any improvement in the majority, but a few gained symptomatic benefit. These patients were relieved of headache and dizziness and felt less fatigued, but it is uncertain whether this relief had any organic basis. We did not observe any harmful effect from this line of treatment, but since any beneficial effects are small, it cannot play an important part in the management of such patients.
Summary
In a highly selected and severely disabled group of patients with chronic bronchitis complicated by marked polycythemia and increased blood viscosity, persistent pulmonary hypertension and severe disturbance in arterial gas tensions were present at rest, whereas cardiac output was normal. During exercise the cardiac output response was impaired in many patients, and pulmonary arterial pressure increased considerably.
After repeated venesection had restored the hematocrit and blood viscosity to normal, there was on the average only a small fall in pulmonary arterial pressure at rest. Individual changes in pulmonary arterial mean pressure correlated positively with changes in total blood volume. The response of cardiac output to exercise improved in several of the patients.
Significant correlations between pulmonary arterial mean pressure, arterial blood gas tensions, and total blood volume were observed at rest and during exercise, both before and after repeated venesection.
Serial observations extending over several years indicate that in such patients the severity of the pulmonary hypertension and the disturbances in the blood gases increase progressively and the prognosis is poor.
In another group of patients without polycythemia, the blood volume was acutely increased by an infusion of human serum albumen. There was a rise in pulmonary arterial and wedge pressures and an increase in cardiac output but no change in pulmonary vascular resistance.
We conclude that the level of total and central blood volume contributes importantly to the pulmonary hypertension in patients with chronic bronchitis, whereas increased blood viscosity has little effect.
